Background. Nevirapine (NVP) resistance emerges in up to 70% of women exposed to single-dose (sd) NVP for prevention of mother-to-child transmission of human immunodeficiency virus (HIV).
selection of NVP resistance mutations detectable in 15%-45% of women by standard population genotype who received sdNVP [3] [4] [5] [6] [7] [8] . The proportion of women who have new NVP resistance mutations detected after sdNVP is higher-up to 70% [9, 10] -when more sensitive assays such as allele-specific polymerase chain reaction (PCR), known as ASP, are used to detect minor viral populations (<20% of the circulating pool of virus). NVP resistance following sdNVP can compromise future maternal antiretroviral (ARV) treatment [11] and thus has significant public health implications [12] .
Short-course (3-7 days) ARV strategies started at the time of sdNVP dosing have been implemented to minimize maternal exposure to NVP monotherapy, but a 7-day course of zidovudine (ZDV) and lamivudine (3TC) still allows the emergence of NVP resistance in up to 12% of women at 6 weeks postpartum using standard genotyping techniques [13] and up to 33% of women using ASP [14] . Our study was designed to compare 7-and 21-day ARV durations and evaluate alternate ARV strategies in the context of maternal intrapartum sdNVP, with the goal of reducing the emergence of NVP resistance to <2% of women. Lopinavir/ritonavir was chosen owing to its potential to block the emergence of NVP resistance, while avoiding resistance to nucleoside reverse transcriptase inhibitors (NRTIs) used in first-line ART regimens.
METHODS

Study Design and Participants
This phase II, prospective, randomized, open-label study evaluated the effectiveness of 3 ARV strategies administered for 7 days (7-day arms) or 21 days (21-day arms) to HIV-1-infected pregnant women after sdNVP in 8 sites in sub-Saharan Africa, India, and Haiti. Prior to onset of labor, women were randomly assigned to receive sdNVP plus either zidovudine/lamivudine (ZDV/3TC; 300 mg of zidovudine and 150 mg of lamivudine) twice daily, tenofovir/emtricitabine (TDF/FTC; 300 mg of tenofovir and 200 mg of emtricitabine) daily, or lopinavir/ritonavir (LPV/r; 400 mg of lopinavir and 100 mg of ritonavir) twice daily. Participants were also randomized to short (7 days) or longer (21 days) treatment duration, in a factorial design. Randomization was stratified by whether ZDV had or was expected to be taken during the pregnancy. Infants received a single dose of study-supplied NVP within 48 hours of birth. Nevirapine tablets (200 mg) for the mothers and NVP suspension (50 mg/5 mL) for the infants were supplied through the study (Boehringer-Ingelheim). ZDV/3TC was supplied as co-formulated Combivir (GlaxoSmithKline). LPV/r was initially supplied as Kaletra capsules (Abbott) and changed to Aluvia tablets in April 2007. TDF/FTC was supplied as co-formulated Truvada (Gilead).
The targeted sample size for the study was 420 mothers receiving study treatment (and exposed infants). Women were randomized between 28 and 38 weeks of gestation, and were to start treatment intrapartum. Those who failed to initiate study treatment (eg, off-site delivery) were replaced. Primary endpoint evaluations were completed at 2 and 6 weeks after completion of randomized treatment (ie, weeks 3 and 7 after sdNVP for the 7-day arms and weeks 5 and 9 for the 21-day arms). The protocol required reporting of all signs, symptoms, and laboratory values of grade 3 or higher that occurred after starting study treatment, and any sign or symptom that led to a change in treatment.
The study was approved by sites and their affiliated US partner's institutional review boards. Written informed consent was obtained from participants. A data and safety monitoring board reviewed safety and efficacy data on a regular basis, and no safety issues were identified. The pharmaceutical sponsors (Abbott, Boehringer Ingelheim, Gilead, GlaxoSmithKline) were members of the study team and supplied drugs for the study, but did not participate in any of the data analysis. Plasma HIV-1 RNA levels were performed at AIDS Clinical Trials Group (ACTG)-certified laboratories using the Roche Amplicor Monitor HIV real-time polymerase chain reaction (RT-PCR) version 1.5 assay or the Abbott RealTime HIV-1 assay.
HIV-1 Resistance Testing and Subtyping
Resistance testing was undertaken using the US Food and Drug Administration-approved ViroSeq HIV-1 Genotyping System (version 2.0, Celera Diagnostics, Alameda, California) and performed in batches. Resistance testing was conducted at 3 ACTG-certified laboratories (Chennai, India; Johannesburg, South Africa; Pittsburgh, Pennsylvania). Samples that could not be amplified or adequately sequenced using standard ViroSeq primers were tested using Celera's alternate RT-PCR and/or sequencing primers (designated A3, A4, B4, C4, F1, G1, and H1). Samples with HIV-1 RNA levels ≤400 copies/mL were not tested and were assumed to have no resistance in the primary analysis. All sequencing product was resolved on an ABI 3100 Genetic Analyzer (Applied Biosystems, Foster City, California) and data were analyzed using ViroSeq version 2.7 or Sequencer version 4.8 software.
ASP testing on plasma samples with HIV-1 RNA ≥5000 copies/mL at baseline and 6 weeks after the completion of study treatment was undertaken at a single laboratory (Pittsburgh) using methods previously described [15] and performed in batches. The following mutants were sought: K103N (either ATT or AAC), Y181C, and M184V or I. The detection limit of ASP was 0.1% for K103N, 0.3% for Y181C, 0.3% for M184V, and 0.4% for M184I.
The primary endpoint of the study was the emergence of new NVP resistance mutants detected by standard population genotyping. Key secondary endpoints were the emergences of new NRTI and protease inhibitor resistance mutations as well as new NVP and 3TC/FTC resistance mutations as determined by ASP. The primary and secondary endpoints by standard genotyping were evaluated at 2 and 6 weeks after completion of randomized therapy. NVP and 3TC/FTC resistance mutations by ASP were evaluated at 6 weeks after completion of randomized treatment. The definition of drug resistance mutations (including considerations of different clades) was established prior to the first interim analysis according to the available literature at that time (International Antiviral Society-USA Table 2007 ). The term "new mutation" refers to a mutation detected after sdNVP that was not detected prior to sdNVP. When no resistance data were available prior to sdNVP, any drug resistance mutation detected was considered a new mutation. All wild-type/mutant mixtures were scored as resistant.
Data Analysis
The exact Cochran-Mantel-Haenszel tests were used to test for differences in proportions between treatment durations (7 vs 21 days) stratified by ARV regimen and the actual receipt of antenatal ZDV, among the 3 ARV regimens stratified by treatment duration and the actual receipt of antenatal ZDV, and between women with and without antenatal ZDV exposure stratified by treatment duration and ARV regimen. The analyses excluded women who were documented not to have taken sdNVP. All women were analyzed according to the actual receipt of antenatal ZDV. Exact confidence intervals for the proportion were calculated based on the binomial distribution. Self-reported adherence was summarized as the proportion of women who reported no missed dose on the day prior to the study visit at day 1 and over the 7 days prior to the study visit at weeks 1, 2, and 3 (weeks 2 and 3 for women assigned to 21-day duration only). All statistical tests were 2-sided at the 5% level of significance without adjustment for multiple testing (SAS version 9.1, StatXact version 8).
RESULTS
The first woman was randomized in January 2007 and the study closed to accrual in January 2010. A total of 484 women were randomized. Sixty-two (13%) women delivered but did not receive study treatment or were off study prior to delivery (Figure 1 ). Four hundred twenty-two (87%) received randomized study treatment, of whom 412 (98%) had primary endpoint data available. Table 1 shows baseline characteristics of the participants. The median screening CD4 + count was 490 cells/mm 3 ; the median HIV-1 RNA level was 3.50 log 10 copies/mL (3162 copies/mL). At baseline ( prior to sdNVP dosing), 83 (20%) women had HIV-1 RNA ≤400 copies/mL. Two hundred sixty-seven (63%) women reported receipt of ZDV during pregnancy for a median of 8 weeks. HIV-1 subtypes were Figure 1 . Flowchart of study participation.
available for participants with sufficient viremia to have had an HIV-1 resistance test performed. The majority were found to have clade C virus (62%, n = 237); other subtypes included A1 (15%, n = 56), A2 (n = 1), B (14%, n = 54), and D (8%, n = 32). Two women were found to have a complex recombinant subtype, and 1 could not be classified. Thirty-nine women had missing subtypes.
The proportion of women with HIV-1 RNA ≤400 copies/ mL was similar for both durations at 2 weeks after the end of treatment (39% at week 3 for the 7-day vs 40% at week 5 for the 21-day arms) and at 6 weeks after the end of treatment (9% at week 7 for the 7-day vs 11% at week 9 for the 21-day arms). When pooled over the 7-and 21-day arms, more women receiving TDF/FTC or ZDV/3TC had HIV-1 RNA ≤400 copies/mL at 2 weeks after treatment than those receiving LPV/r (57% vs 44% vs 17%, P < .001). However, the proportions of women with HIV-1 RNA ≤400 copies/mL at 6 weeks after treatment were similar for the 3 ARV strategies (12% vs 11% vs 8%).
Population Genotype Analysis
Ten (2%) women were excluded from the analyses due to lack of primary endpoint data; specimens were lacking for 8 women (3 each in the 7-day TDF/FTC arm and the 21-day LPV/r arm; 1 each in the 21-day ZDV/3TC arm and the 21-day TDF/FTC arm), and assay failures occurred for 2 women (1 each in the 7-day and 21-day TDF/FTC arms) at both primary endpoint weeks.
Of the 412 women with primary endpoint results available, only 5 (1.2%) women had at least 1 new NVP-resistant mutation: 1 in the 7-day LPV/r arm developed K103N; 1 in the 7-day LPV/r arm developed both K103N and Y181C; 1 in the 7-day LPV/r arm developed K103N and Y188C; 1 in the 7-day ZDV/3TC arm developed both K103N and G190A; and 1 in the 21-day LPV/r arm developed V108I (Table 2 ). This corresponds to 4 (1.9%) women with new NVP-resistant mutations for the 7-day and 1 (0.5%) for 21-day arms. Of the 5 women developing NVP resistance, 1 received ZDV/3TC, and 4 received LPV/r. None of the women in the TDF/FTC arms developed new NVP-resistant mutations. Three of the 5 women with new NVP-resistant mutations had antenatal ZDV exposure and 2 reported no ZDV exposure. No significant difference in the proportion of women with new NVP-resistant mutations was detected between regimen durations (1.9% vs 0.5%, P = .37), among ARV regimens (0.7% vs 0% vs 2.9%, P = .091), or between women with and without antenatal ZDV use (1.1% vs 1.4%, P = 1.00) based on standard population genotyping. The 95% exact confidence intervals (CIs) for the proportion of women with new NVPresistance mutations were .5%-4.7% for the 7-day arms and 0%-2.8% for the 21-day arms; 0%-3.9% for ZDV/3TC, 0%-2.7% for TDF/FTC, and .8%-7.4% for LPV/r; .2%-3.3% for women with antenatal ZDV use, and .2%-4.8% for women with no antenatal ZDV use.
Four (1%) women were found to have at least 1 new NRTI resistance mutation detected by population genotype: 1 woman in the 21-day ZDV/3TC arm had M41L, 1 in the 7-day TDF/FTC arm had M41L and K70R, 1 in the 7-day LPV/r arm had K70R, and 1 in the 21-day TDF/FTC arm had M184I ( No women had a new protease inhibitor mutation detected by population genotype at the primary endpoint weeks in the 7-or 21-day arms.
Allele-Specific PCR
One hundred fifty women met the criteria for ASP testing requiring HIV-1 RNA ≥5000 copies/mL (80 in the 7-day arms vs 70 in the 21-day arms; 48 women received ZDV/3TC, 46 received TDF/FTC, and 56 received LPV/r; 60 women received antenatal ZDV and 90 did not), of whom 139 (93%) and 136 (91%) had results available at baseline and 6 weeks posttreatment for K103N and Y181C, respectively. ASP testing identified K103N mutations in 13 (9%) baseline samples from before sdNVP and Y181C mutations in 1 (1%) baseline sample. New K103N mutations emerged significantly more often with the 7-day arms compared to the 21-day arms (11 [17%] vs 2 [3%], P = .016, Table 3 ). Among the 13 women who developed new K103N mutations, 3 (in the 7-day arms) had mutant frequencies ≥1% of the subject's virus population. The Y181C mutation was identified in 3 (2%) women with one having a frequency ≥1% of the virus population. There was no significant difference in new Y181C mutations between the 7-day and 21-day arms. New NVP mutations were found at 6 weeks following completion of study therapy in 13 (18%) of 74 women in the 7-day arms and 3 (5%) of 66 women in the 21-day arms (P = .019), most commonly the K103N mutation (13/16, 81%). Four women had new NVP resistance mutant frequencies >1% of their virus populations at 6 weeks poststudy treatment; all had received 7-day regimens. The median mutation frequency was higher for Y181C at 0.6% than K103N at 0.4%. No significant difference in new NVP resistance mutations was detected among the 3 ARV regimens nor associated with antenatal ZDV use. In contrast to the other arms, no woman who received 21 days of TDF/FTC developed new NVPresistance mutations by standard population genotyping or ASP.
Safety and Adherence
All regimens were well tolerated, and there was no difference between study regimens and treatment durations with regard to grade 3-4 laboratory abnormalities. When compared among regimens, a significantly higher proportion reported complete adherence at week 1 for TDF/FTC than ZDV/3TC and LPV/r (93% vs 84% vs 85%, P = .038). Women with antenatal ZDV use reported significantly lower adherence than women with no antenatal ZDV use at week 1 visit (82% vs 97%, P < .001).
DISCUSSION
In this study, very few women (1.2%) developed NVP resistance as assessed by standard population genotyping at 2 and 6 weeks following completion of short-term ARV use, begun simultaneously with the administration of sdNVP for the prevention of mother-to-child transmission (pMTCT). The percentage of women developing resistance was low for both the 7-and 21-day arms (1.9% and 0.5%). The more sensitive ASP assay showed that the 21-day regimen was significantly better at preventing the emergence of NVP resistance mutations (5% vs 18%, P = .019). Furthermore, all 4 women with K103N or Y181C mutant frequencies ≥1% of the total population were in the 7-day arms. Emergence of NRTI resistance was rare, as demonstrated by both standard population genotype (1%) and ASP (5%), and was not more common with 21-day regimens (Table 4) . Taken together, these findings suggest that a 21-day regimen will optimally suppress the emergence of NVP resistance after sdNVP without increasing the emergence of 3TC/ FTC resistance. A low occurrence of NVP resistance was also recently reported with 7 days of triple drug therapy or 30 days of dual drug therapy after sdNVP in 169 Thai women in the IMPAACT P1032 trial [16] . The OCTANE/ACTG A5208 study revealed that the persistence of NVP-resistant mutants at frequencies >1% of the virus population adversely affects response to initial, NVP-based antiretroviral therapy (ART) [15] . OCTANE was designed to compare the efficacy of a protease inhibitor-based regimen to an NVP-based regimen in women previously exposed to sdNVP >6 months earlier [11] . Women were significantly more likely to experience virologic failure or death after starting the NVP-containing ART arm compared to the LPV/r-containing ART. ASP testing revealed that virologic failure or death among women receiving NVP-based ART was significantly associated with K103N or Y181C resistance mutations at virus population frequencies >1% in pre-ART samples. In the current study, only 4 (2.7%) women had >1% NVP-resistant mutants detected after completion of the regimens. It is not known how long such mutants persist at frequencies >1% and whether they would affect response to NNRTI-based ART when it is initiated. Nevertheless, our study was designed to identify welltolerated, affordable, effective strategies to maintain future ART options for women who receive sdNVP. A greater effect of 21-day regimens was clearly shown in preventing the emergence of low-frequency NVP-resistant mutants, although the long-term clinical significance of this effect is uncertain.
Several additional points should be made regarding this study. It was a complex design successfully conducted in resource-constrained sites, in a variety of care settings with differing levels of antenatal care, and enrolled participants infected with multiple subtypes. The completeness of maternal HIV-1 resistance data for the primary endpoint was excellent (98%). Participants were allowed antenatal ZDV per local standard of care, and were randomized regardless of HIV-1 RNA at entry. All ARV treatment strategies were well-tolerated. Adherence with the 3 ARV strategies during the first week of treatment was significantly better in women randomized to receive once-daily TDF/FTC than twice-daily interventions of ZDV/3TC or LPV/r. NVP resistance was not detected in any women who received TDF/FTC for 21 days by standard population genotyping or ASP.
This study opened in 2006, when World Health Organization (WHO) guidelines recommended sdNVP in the minimum standard-of-care package for HIV-infected women. Owing to the challenges of pMTCT scale-up, there is a continuing need for effective strategies to prevent the emergence of NVP resistance. As of May 2011, women in 29 countries were still receiving sdNVP for pMTCT. Our findings should help to inform approaches to pMTCT for HIV-1-infected women who may not have access to extended postpartum ART (recommended in WHO Option B [11] ). Under these circumstances, a 21-day ARV strategy should be strongly considered to preserve future treatment options.
Notes
